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 要  旨 
近年，誘電体内部計測技術としてUWB(Ultra wide-band)レーダが注目されている．従来の技術で
は，コンクリート中に埋設する物体や亀裂等の異常を感知する非破壊検査や，乳癌等の非侵襲生
体計測といった誘電体内部計測として，X線や超音波を用いた手法が利用されている．しかし，X
線では，放射線被爆，超音波では接触計測が必要であるという各種の制限がある．そこで，高分
解能と高い誘電体内部透過性といった特徴を持つ，UWBパルスレーダを用いた内部画像化技術が
期待される．既に，高精度内部画像化手法として，RPM(Range Points Migration)法の原理を拡張
した手法が提案されている．同手法は，誘電体境界推定点及び同法線ベクトルを用いて，幾何光
学近似に基づいて伝搬経路を決定し，内部の目標境界を再現する手法である．しかし，同手法の
再現精度は，対象の誘電率に依存する．実際の測定においては，内部画像化の精度を維持するた
めには正確に誘電率を推定する必要がある．従来の誘電率推定法には，領域積分法方程式に基づ
く手法や壁透過レーダを想定した手法が各種提案されている．しかし，前者は層構造を持つ誘電
体に対して精度が劣化し，かつ膨大な計算量を必要とする問題点を有する．また後者では，誘電
体が直方体等の単純な形状に限定され，かつ位置や形状が既知であるという仮定に基づくため，
実用性が低い． 
これらの問題を解決するため，任意の誘電体外部境界に対応する，高速高精度の誘電率推定法
が提案されている．同手法ではまず，RPM法により誘電体境界と同法線ベクトルを推定する．こ
れらの情報を用いて，幾何光学近似により内部伝搬経路と遅延量を推定し，観測遅延量との差分
を最小化することで誘電率を求める．しかし，同手法は単一誘電層を想定するため，人体の皮膚
や脂肪等の層構造を持つ誘電体に対応しない．上記問題点を解決するために，本論文では，二層
誘電層媒質を想定し，拡張Envelope法を提案する．推定された誘電体外部及び内部層とその法線
ベクトルから，従来法と同様に，幾何光学近似により伝搬経路及び遅延を求める．観測遅延量と
推定遅延量の差分を最小化することで，最適な各層の誘電率を同時に求める．数値計算及び実験
による性能評価により，提案法の有効性を示す． 
 
??26??????
UWB???????????
??Envelope???????????????
? ? ? ? 1332054
? ? ?? ??
???????? ???????????
? ? ? ? ?? ?????
????? ?? ?????
? ? ? ?? 27? 2? 27?
???????????????????
??????????????? UWB(Ultra wide-band) ?????????
?????????????????????????????????????
?????????????????????????????????X???
?????????????????????X???????????????
?????????????????????????????????????
??????????????UWB????????????????????
?????????????????????RPM(Range Points Migration)??
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????
????????????????????????????????????
???????????????????????RPM???????????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????? Envelope?????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
??
1 ?? 1
1.1 ?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 ?? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2 UWB????????????? 3
2.1 ???????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.1 ????????? (SAR) . . . . . . . . . . . . . . . . . . . 3
2.1.2 RPM? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 ?????????? . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.1 ?? SAR ??????????? . . . . . . . . . . . . . . 7
2.2.2 ?????????? . . . . . . . . . . . . . . . . . . . . . 9
2.2.3 RPM?????????????????? . . . . . . . . 11
2.3 ?????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3.1 ?????????????????? . . . . . . . . . . . 14
2.3.2 ???????????????? . . . . . . . . . . . . . . 16
2.3.3 ????????????????? . . . . . . . . . . . . 19
3 ?????????????????????? 24
3.1 ??????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 ????????? . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3 ???????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.4 ???????? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.5 ??????????? . . . . . . . . . . . . . . . . . . . . . . . . 33
4 ???????????? 38
4.1 ???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.2 ?????????RPM???? . . . . . . . . . . . . . . . . . . 40
4.3 ???? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3.1 ??????? . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.3.2 ??????? . . . . . . . . . . . . . . . . . . . . . . . . . 46
5 ?? 52
?? 53
???? 53
? 1 ?
??
1.1 ??
????????????????????????????????????
?????????????????????????????????????
?????????????????X???????????????????
????? (MRI:Magnetic Resonance Imaging)???????????X???
?????????????????????????????? [1]?????
?????????????????????????????????????
????? [2]??????X???????????????????????
?????????????????????????????????????
????? [3]?MRI???????????????????????????
?????????????????????????????????????
??????????? [4]?
?????????????UWB(Ultra Wideband)????????????
??????????????? [5]????????????????????
?????????????????????????????????????
??????????????UWB????????? 20%?????????
500MHz???????????????????????????? cm ? ?
mm ???????????????????????????????????
?????????????????????????????????????
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? 1 ? ??
?????????????????????????????????????
????????????????????????????????
?????????????????????????? (SAR:Synthetic Aper-
ture Radar)?MIST(Microwave Imaging via Space-Time beamforming)????
??? (TR:Time Reversal)????????????? [6]-[8]?????????
?????????????????????????????????????
?????????RPM(Range Points Migration)[9]????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????
1.2 ??
????????????????????????????????????
?????????????????????????????????????
???????????????????RPM???Envelope????????
???????? Envelope????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???????????????
2
? 2 ?
UWB?????????????
??????UWB????????????????????????????
?????????????????????????????????????
??????????????????????
2.1 ????????
???????????????????????????????? (SAR)
??RPM ??????????
2.1.1 ????????? (SAR)
????????????????????? (SAR:Synthetic Aparture Radar)[17]
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
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? 2 ? UWB?????????????
? 2.1: ???????????????? (???Accurate UWB Radar 3-D
Imaging Algorithm for Complex Boundary without Range Points Connections)
?????????????????????????????????????
??????2??????????????????????????????
?????????? (InSAR: Interferometric SAR)[17]???????????
???????????????????? (ISAR:Inverse SAR)[18]??????
????????????????????????????????????
??? SAR(PolSAR?Polarimetric SAR)[19]?????????????????
?????????????????????????????????????
??UWB???????????????????????????????
??????????????????????? r = (x ; z )?????????
????? (X ; 0)????????R???????????????????
????????????????? I (r)????????
I (r) =
Z
X2 
s

X ;
q
(x   X )2 + z 2

dX (2.1)
??? ???????????s(X ;R)?Wiener????????????R =
ct=2????????? I (r)????????????????????
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? 2 ? UWB?????????????
? 2.1?????????????????????????????????
?????????????????????????????????????
????????????????R????????????????????
??????????????????????????????????????
?????????????????????????????????????
????????
2.1.2 RPM?
??????????????????????????RPM(Range Points
Migration)? [9]?????????????????????????????
?????????????????????????????????????
????????????????????????????????????
????????????????????
????????????????????????????????????
?????????????????????????????????????
?????????????? (X; 0)?????????R?????????
???? (X; 0; R)????????????? (X; 0; R)???????????
??? (Xi; 0; Ri)????????????????????  (q; qi)?????
??????????? ?????????????????????
f (; q; qi) = exp
(
 (    (q; qi))
2
22
)
(2.2)
???X 6= Xi ????????????????????????????
??????????????????????? 2.2????????????
?? F (; q)??????????
F (; q) =

NRX
i=1
s (qi) f (; q; qi) exp
(
 (X   Xi)
2
22X
) (2.3)
???X ???????NR?X 6= Xi ???????????????????
?? exp
n
  (X Xi )2
22X
o
??2????????????????????????
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? 2 ? UWB?????????????
(X,0) (Xi’,0)
Target
(Xi,0)
Ri Ri’
R
θopt
(x, z)
? 2.2: ?????????????
?????????????????? (2.3)?????????? (X ;R)???
????? opt????????
opt = arg max

F (; q) (2.4)
? (2.4)??????????? opt???????????????????
???????
x = X +R cos opt
z = R sin opt
9=; (2.5)
? 2.3????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???????? SAR??????????????????????????
???
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? 2 ? UWB?????????????
? 2.3: RPM??????????? (???Accurate UWB Radar 3-D Imaging
Algorithm for Complex Boundary without Range Points Connections)
2.2 ??????????
????????????????????? SAR????????????
???????????RPM???????????????????????
????
2.2.1 ?? SAR ???????????
??????????????????SAR???????????????
??????????? [10]????????????RPM?? SAR?????
?????????????????????????????????????
??RPM????????????????????????????????
???????????????????????????????
? 2.4????????????????????? r = (x; z)???????
??? x ?????????????????????????????????
Wiener?????????????????????????????????
qS;j = (XS;j ;RS;j ) ; (j = 1; :::;NS)?????????????RPM??????
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? 2 ? UWB?????????????
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? 2.4: ?? SAR???????????
??????????? rS;j = (xS;j ; zS;j )??????????????????
?? SAR????????????? I (r)??????????
I (r) =
Z
X2 
N 0SX
j=1
s
 
qS;j

s (X ; d2 (X ; r; rS;j )) dX (2.6)
???  ??????d2 (X ; r; rS;j ) ????????????????????
d2 (X ; r; rS;j ) =
q
(X   xS;j )2 + zS;j 2 +pr
q
(x   xS;j )2 + (z   zS;j )2????r??
??????????????????r??????????????????
?????????????????????????????????????
???????????????? 2.5???????????? I (r)?????
???????????? 1:0 106S=m??????????????? 5.0??
??? 1:0 10 2S=m????????????? 2:5  X  2:5?????
??? 101????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
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? 2.5: ??SAR?????????? (???Accurate and Nonparametric Imag-
ing Algorithm for Targets Buried in Dielectric Medium for UWB Radars)
???????????????????????Xeon 2.40GHz???????
????????????????????? 1000? (????)???????
?????????????????????????????????????
?????
2.2.2 ??????????
??????????????????MIST(Microwave Imaging via Space
Time)?????????????????????????????????
???MIST???????????????????????????????
???????????????? 2.6????????????N??????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
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? 2 ? UWB?????????????
? 2.6: MIST?????????????????????
???????? b1[n]?????????? x1[n]??????????
x1 [n] = b1 [n]  qTb2N [n] (2.7)
????q???? b1 [n]????????????????????b2N [n]? b1 [n]
?????????????????????????????????????
?????????????????????????????????????
???????????????????????????????? p????
?????????? p???????????
p(r0) =
X
n
z [n]h [r0; n]
2 (2.8)
????z [n] = PNi=1 xi [n]wTi ??????????????????????
FIR????w??????? xi??????h[r0; n]????????????
?????????????????????????????????? 2.7?
?????????mm??????????????????????????
?????????????????????????????????????
?????????????????????????????????????
??????????????????????
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? 2.7: MIST???????????????
2.2.3 RPM??????????????????
????????????????????????RPM?????????
?????????????????? [11]?????????????????
?RPM?????????????????????????????????
?????????????????????????????????????
????????
???? 2.4???????????????????????????????
???????????????????????qS;j = (XS;j ;RS;j ) ; (j = 1; :::;NS)
?????RPM ???????????????????? rS;j = (xS;j ; zS;j )
?????????????????? qM;i = (XM;i ;RM;i) ; (i = 1; :::;NM)??
????????????RPM??????????????????????
eN;j = ((XS;j   xS;j ) ; zS;j ) =RS;j ??????????????????????
??????????????????????qM;i?????????????
????????????
rM;j
 
qM;i

= rS;j
 
qS;j

+
 
RM;i   R1;j
 
qM;i

eT;jp
r
(2.9)
???R1;j
 
qM;i

=
q
(XM;i   xS;j )2 + zS;j 2?eT;j = R (T) ( eN;j )???????,
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? 2 ? UWB?????????????
θI
θT
(XM,i,0)
Target
(XS,j,0)
rS,j
rM,j(qM,i) rM,l(qM,i)
rS,l
εrε0
ε0
R
1,j
(qM,i)
eI,j θI
eN,j
eT,jθT
? 2.8: ????????????????????????????
R ()?????????T = sin 1
 
sin I=
p
r
?I = cos 1 (eN;j  eI;j )?????
??eI;j = ((XM;i   xS;j ) ; zS;j ) =R1;j
 
qM;i
???????????? rS;j ???
??? (XM;i ; 0)??????????? 2.8????????? rM;j(qM;i)???
??????????????????????? rM;j
 
qM;i
????????
????????qM;i ????????????? r^M
 
qM;i
?????????
??????? f  rM;j  qM;i ; qM;k????????
f
 
rM;j
 
qM;i

; qM;k

= exp
0B@  min1lN 0S
rM;j  qM;i  rM;l  qM;k2
22r
1CA (2.10)
???r ??????????????? rM;j(qM;i)??????? rS;j????
?? 2.9????? qM;i ??????????????????
F
 
rM;j
 
qM;i

; qM;i

=
NMX
k=1
s
 
qM;k

f
 
rM;j
 
qM;i

; qM;k

 exp
 
 jXM;i   XM;k j
2
22X
  jRM;i   RM;k j
2
22R
!
(2.11)
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rS,l
(XM,i,0)
Target
(XM,k,0)
rS,jεrε0
ε0
rM,l(qM,k)
rM,j(qM,i)
min|rM,j(qM,i)-rM,l(qM,k)|
? 2.9: rM;j
 
qM;i
? rM;l  qM;k????
???X ?? R???????exp ()??????????????????
??????????qM;i ??????????????????????
r^M
 
qM;i

= arg max
rM;j(qM;i)
F  rM;j  qM;i ; qM;i (2.12)
????RPM???????????????????????????????
?????????????????????????????????????
??????????????? 2.10???????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????
13
? 2 ? UWB?????????????
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? 2.10: RPM???????????????????????? (???Accurate
and Nonparametric Imaging Algorithm for Targets Buried in Dielectric Medium
for UWB Radars)
2.3 ??????
???RPM???????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????
2.3.1 ??????????????????
???????????????????????????????? [12]??
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
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? 2 ? UWB?????????????
Numerical Model Initial Guess
? 2.11: ????????????????????????
???????????????
E (r) = Ei (r) 
Z
C
k 20 f (r0)  bgG (jr0   rj)E (r0) dr0 (2.13)
????E (r)?????Ei (r)?????????k0???? (r0)? r0???
???????b????????????G (jr0   rj)? r? r0???????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????
E (r) = Ei (r) 
Z
k 20 f (r0)  bgG (jr0   rj)Ei (r0) dr0 (2.14)
? (2.14)?? (2.13)?E?????Ei????????????? (2.14)???
?????????????????????????????????????
??????????
? 2.11????????????????????????????????
?????????????????????????????0?"??????
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? 2 ? UWB?????????????
? 2.12: ??????????????????????????????? (?
??Microwave Imaging-Complex Permittivity Reconstruction with a Levenberg-
Marquardt Method)
 = 0 + i"???????????????????????? 2.12?????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????
2.3.2 ????????????????
???????????????????????????????? [15]??
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
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? 2 ? UWB?????????????
Region2:wall
00 , µε
Region1:free-space
00 , µε
Region3:free-space0eq
, µε
? 2.13: ???????
? 2.13??????????????????????????????????
????????????? rs??????????????????????
??????? ro???????????????? 3????????????
?????????????????????????????????????
???????????????????????ES(rs; ro; !)????????
??????????EwS (rs; ro; !)?EOS (rs; ro; !)??????EOS (rs; ro; !)??
????????
EwS (; !) =
Z k0
 k0
  (!; kx)A(!; kx) exp(2jkzzs) exp[ jkx]dkx (2.15)
???  ??????????? = x0   xs????????????????
  <  >??????????
~  (!; kx) =
NTX
m=0
< EwS (; !); vn(; !) >
n
un(!; kx) (2.16)
???vn; un; ninfn=0???????????< ;  >????????NT????
??????? (TVSD)???????~  ??????????????????
???????????????????????NT????????????
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? 2 ? UWB?????????????
(a) (b)
(d)(c)
? 2.14: ????????????????
???????????????????????????????????? 2
????????????????????????????????????
S(!; kx) =
0@S11(!; kx) S12(!; kx)
S21(!; kx) S22(!; kx)
1A (2.17)
????????????????????S11?????? ?S21??????
????????????S21??S11??????j(!; kx)j =
p
1  j  (!; kx)j2
?????????????????????w(z) = w(d   z)???????
??S11 = S22????????????????????????????
 (!; kx) =   (!; kx) + (2n+ 1)=2 (2.18)
????  ?????? <  >,  <  >?????????????????
??????????????????????? 2?????????????
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? 2 ? UWB?????????????
?????????????????? 2.14????????????????
?????(a)?? (b)?????????????????????????(e)
???????????????????????????(f)????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????????
2.3.3 ?????????????????
????????????????????????????????????
?????????????????????????????????????
????????????????RPM???Envelope???????????
?????????????????????????????????????
????????????RPM??????????????????????
?????????????????????????????????????
?????????
? 2.15????????????????????????? r = (x; z)???
?????????????????????????????????????
?????????????????????????????????????
????????????????????? r??????????????
??????????????? c?????????????????????
???? rTR = (XTR; ZTR)????? rR = (XR; ZR)????????????
rc = (Xc; Zc)????Rc?????????????????????????
??????????????? (rTR + rR)=2 = rc?????????????
??? ???????????????????? (X;Z)?????????
rTR?????? rR??????????? s0TR(X;Z;R)?s0R(X;Z;R)????
???R = ct=2???t????????????? s0TR(X;Z;R)?s0R(X;Z;R)?
Wiener????????????? S(XTR; ZTR; RTR)?S(XT; ZT; RT)????
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z
/
λ
x/λ
 0
 1
 2
 3
 4
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Omni-directional antenna
 0  1  2  3  4  5
Target
Dielectric
boundary
rR
RC
rTR
rC
φC
? 2.15: ???????
????????? S(XTR; ZTR; RTR)?????????
QTR =

qTR;i = (XTR;i; ZTR;i; RTR;i) ; (i = 1; :::; NTR)
	
??????QTR???????????????????????????Qtr =
qtr;i = (Xtr;i; Ztr;i; Rtr;i) ; (i = 1; :::; Ntr)
	?????????????????QM =
QTR
TQtr = qM;i = (XM;i; ZM;i; RM;i) ; (i = 1; :::; NM)	????Qtr?RPM??
??????????????? ri = (xi; zi), (i = 1; :::; Ntr)????RPM??
?????????????????????????????????????
en;i = (Xtr;i:Ztr;i)=Rtr;i?????????????? r^I(t), ???? r^E(t)??
?????????????????
(r^I (t) ; r^E (t)) = arg min
(ri;rj)2T 2rpm
n
jjei(t)  ei;jjj2 + jjej(t)  ei;jjj2
o
(2.19)
???ei (t) = Ro (i (t)) ( en;i), ej (t) = Ro (j (t)) ( en;j)????????
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en,j
z
/
λ
x/λ
 0
 1
 2
 3
 4
 5
rTR
 0  1  2  3  4  5
rR
en,i
ej ei,j
ei
θiθj
rirj
? 2.16: ???????
???????????????????ei;j = (ri   rj) = jjri   rjjj?????
?????? 2???????????Ro()? 2????????i (t)?j (t)
?????????????????????????????????????
????? 2.16??????????????
???? t??????????????????????????????
??????R(t;Xr;i; Zr;i)?????????
R (t;Xr;i; Zr;i) =
1
2
n
jjr^I (t)  rTR;ijj
+
p
tjjr^I (t)  r^E (t)jj+ jjr^E (t)  rR;ijj
o
(2.20)
??????????????????SR (X;Z;R)????????????
??????Qr =

qr;i = (Xr;i; Zr;i; Rr;i) ; (i = 1; :::; Nr)
	???????????
?????????????????????????????????????
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????????????
initt
 
qr;i

= arg min
t
jR (t : Xr;i; Zr;i) Rr;ij (2.21)
???????????? initt
 
qr;i
???????????????????
????? initt ?????? 2.17?????????????????????
?????????????????????????????????????
???????????
^initt =
P
qr;i2Q SR
 
qr;i

initt
 
qr;i
P
qr;i2Q SR
 
qr;i
 (2.22)
???Q = qr;ij initt  qr;i  initt  < initt 	?????????????????
????????????????????
? 2.18????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????
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? 2.17: ???????
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????????????????????
??
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
???? Envelope???????????????????
3.1 ???????
? 3.1?????????????????????????????????
??? r = (x; z)?????????????????????????????
?????????????????????????????????????
????? (1; 2)????????????????????????????
? c????????????????????????? r = (XTR; ZTR)??
??? r = (XR; ZR)???????????? rc = (Xc; Zc)????Rc????
???????????????????????????? rc = (Xc; Zc)??
???????? (rTR + rR)=2 = rc???????????????? ???
????????????????? (X;Z)????????? rTR?????
? rR??????????? s0TR(X;Z;R)?s0R(X;Z;R)???????R = ct=2
???t????????????????? S(X;Z;R)?????R?????
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0 1 2 3 4 50
1
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x/λ
z/
λ
θ
cr
medium
Dielectric
1Ω2Ω
Transmitting and
Receiving antenna
antenna
Receiving
Rr
TRr
? 3.1: ???????
?????????????????????????????????????
?????????????????????Wiener????????????
????
s (X;Z; t) =
Z 1
 1
W (!)S 0 (X;Z; !) ej!td! (3.1)
???S 0 (X;Z; !)? s (X;Z; t)??????????Wiener?????????
W (!)??
W (!) =
Sref (!)

(1  )S20 + jSref (!) j2
S0 (3.2)
???? = 1=f1 + (S=N) 1g?S0???????Sref (!)??????????
???????????????????? ??? S/N(Signal-to-Noise Ratio:
??????????)????????? S/N????????????????
? S/N??????????????????????????
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? 3.2: ?????????????
?????rTR?????????????Q = fqi = (X;i; Zi; Ri) ; (i = 1; :::; NQ)g
???????????????????????????????????Qtr =
qtr;i = (Xtr;i; Ztr;i; Rtr;i) ; (i = 1; :::; Ntr)
	?????????????????QM =
QTQtr = qM;i = (XM;i; ZM;i; RM;i) ; (i = 1; :::; NM)	?????????????
? rR??????????????????????
Qr =

qr;i = (Xr;i; Zr;i; Rr;i) ; (i = 1; :::; Nr)
	
?????3.2?STR (X;Z;R)?SR (X;Z;R)??????????????????
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? 3.3: ???????????????
3.2 ?????????
????????????????????????????????????
?????????????????????????????????????
??????????????????????????????? Envelope?
[21]????? Envelope??????????
?????????????????????????????Qtr =
qtr;i = (Xtr;i; Ztr;i; Rtr;i) ; (i = 1; :::; Ntr)
	? RPM??????????????
? ^@
1??????RPM?????????????????????????
?????????????????????????????????????
??????????????????????????? Envelope?????
??????????????????????RPM?????????????
?????????????Envelope??????? rk = (Xk; Zk)??????
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? 3.4: Envelope?????
??Rk?????????????????????????????????
??Envelope???????????? ^@
1 = fr1;i = (x1;i; z1;i)g?(i = 1; :::; N1)
??????????????????????
r1;i = arg min
i2fDi<=Rkg
q
(Xc   Px;k)2 + (Zc   Pz;k)2 (3.3)
???i? Envelope???????????(X1 ; Z1)???????????
????????????? rc(Xc; Zc)? (X1 ; Z1)? 2??????????
????????????????????? P;i(X;i; Z;i)?????????
i 2 fDi <= Rig???????????????????????????? rc
?????????????????? r1;i????? 3.3???????????
?????????????????????????????????????
????????????????? 3.4?Envelope?????????????
??????????????????????? Envelope?????????
?????????????????????????
????????????????????????????????????
?Envelope??????????????? ^@
2??????????????
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? 3.5: ?? Envelope????
???????? qM;i?????????? ^@
1??????????????
?????????????????????????????????????
???????????????????? rcan;i???????????
rcan;k = r1;i +
(Rr;k  Ri(qr;k))etp
1
(3.4)
???Ri(qr;k) =
p
(Xk   xi)2 + (Zk   zi)2?et???????????????
????????????????????Envelope?????????????
????????? rc??????????????????????????
? ^@
2 = fr2;j = (x2;j;)g?(j = 1; :::; N2)g??????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????2??????????????????
??????????? rc????????????????????????
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x/λ
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λ
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kTR,r
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,1 kp
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,2 kp
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,2 kp
in
,1 kp
kR,r
? 3.6: ???????????????
????? ^@
2?????????? 2?????????????????
?????????????????????????????????????
??????????????????? 3.5??? Envelope????????
3.3 ????????
???????????????????????????????????
????????????????????????????????????
????????????????????????????????????
???????????????????????? (out; in)????????
???? pin1 ,pin2?????? pout1 ,pout2 ??????? 2?2?3??? 2????
????????????????????????? 3.6???????? pin1?
pout1 ,p
in
2 ;p
out
2 ???????????? qr;k?????????????????
???????????????????? ~Rk(1; 2;pin1;k;pin2;k;pout1;k ;pout2;k )???
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???????
~Rk(1; 2;p
in
1;k;p
in
2;k;p
out
1;k ;p
out
2;k ) =
1
2
f
rTR;k   pin1;k+poutpin1;k   pin2;k
+
p
in
pin2;k   pout2;k +poutpout2;k   pout1;k 
+
pout1;k   rR;kg
(3.5)
????????? ~Rk??????????????????????????
??????????????
( ^1;k; ^2;k) = arg min
1;k;2;k
Rk   ~Rk(1; 2;pin1;k;pin2;k;pout1;k ;pout2;k )2 (3.6)
?????????????????????????????????????
??????????? (^1; ^2)??????
(^1; ^2) =
PNr
k=1 SR(pR;k)(1;k; 2;k)PNr
k=1 SR(qR;k)
(3.7)
???Nr???????????????
3.4 ????????
??????????????????? 3.7????????????????
?? 1) ????Wiener?????? STR(X;Z;R)??????
Qtr =

qtr;i = (Xtr;i; Ztr;i; Rtr;i) ; (i = 1; :::; Ntr)
	
???Qr =

qr;i = (Xr;i; Zr;i; Rr;i) ; (i = 1; :::; Nr)
	??????????qtr
?RPM??? Envelope???????????????? ^@
1????
?? 2) ?? 1)???????????????????? ^@
1?????2.3.3
??????????????????????????????????
??? 1st????????????? (1; 2) = (1st; 1st)??????
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Outer boundary estimation 
by Envelope and RPM
Inner boundary estimation
by extended Envelope method
Propagation path estimation based on
geometric optics approximation
Estimating mean permittivity 
of two dielectric medium
Updating      and 2ε
Assessing Eq. (3.6) 
Convergence 
condition 
No
Yes
Finish
1ε
? 3.7: ???????????
?? 3) ???? (1; 2)?????????????? qM??? Envelope??
???? ^@
2??????
?? 4) ??3)???????????????????????qr??????
??????????????????????? ~Rk(1; 2;pin1;k;pin2;k;pout1;k ;pout2;k )
??????
?? 5) ?? (3.6)????????????????????????????
????? (1; 2)???????? 3)??? 4)????????????
? (^1; ^2)??????
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3.5 ???????????
????????????????????????????????????
?????????????????? rc = (2:5=; 2:5=)???Rc = 2:5???
????????? rTR?????????????????????????
????????????????? 50????????????FDTD???
??????????????????????????????
i (t) =
8<: (1  cos (2t=T )) sin (2t=T ) ; (0 < t  T )0; (otherwise) ; (3.8)
???T = =c???????????? T=200??????????????
? =80????????????????????????????????
(RMSE:Root Mean Squared Error)????????????????
RMSE =
sPNenv
i=1 minrtrue jrtrue   rij2
Nenv
(3.9)
???Nenv????????? Envelope?????RPM??????????
???rtrue???????????ri??????????????
????????????????????????????????????
???????????????????????? SNR??????????
S=N = 10 log10
Ps
Pn
(3.10)
????Ps?????????????????Pn?1:5?????????
???????????????????????????????????
? 3.1????????????????????????????????
5.0??????? 3.0??????????? 0.01S/m????????????
????????Envelope?????Envelelope??????????????
? 180?????? 3.8??????????????????
???????? qM??????? qr??????????????????
?????????????????? ( ^1;k; ^2;k)?(k = 1;    ; Nr)??????
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? 3.8: ???????? (????? ?????)
? 3.9??????????????????????????????????
?????????????????????????????????????
4.5?? 6.5??????? 2.0?? 4.0?????????? 0.1???????
??????????????? (3.7)???????????????????
????????????????? 5.29??????? 2.95????????
?????????????????? 6%?????? 2%?????????
?????????????????????????????????????
?????????????????????????????????????
???? 2 ????????????????????????????????
???????????. ?????????????????????????
?????????????????????????????????????
?????????????????????????????????????
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? 3.10: ????????????????
(RMSE)???????????? 6:2 10 3??????? 2:9 10 2????
????? 1=100?????? 1=20???????????????????
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? 3.11: ?????????????? (SNR8dB)
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? 3.12: ???????????????? (SNR8dB)
?????????????????????????????????????
????????SNR8dB????????? 3.11??????????????
?????????????????????????????????????
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????????????????????????? 5:43????? 2:90????
??????????????????????? 9%???????? 4%??
?????????SNR8dB????????????????????????
??????????????? (RMSE)???????????? 5:5 10 3?
?????? 2:5 10 2????????? 1=100?????? 1=40????
?????????????????????????????????????
???SNR8dB??????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????????????
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????????????
??????????????????????????????????????
?????????????????????????????????Envelope
????????????????????????????????RPM? [24]
?????????
4.1 ????
? 4.1?????????????????????????????????
?????????VNA(Vector Network Analyzer)????????? 0.8Hz?
? 3.0GHz??? 10MHz??????????????????????????
???? rTR?????????????? rR1, rR2??? 40cm???????
????????? 51?????????????? rc = (0:4; 0:4)??????
?????????? 4.2?????????????????????????
?????????????????????????????????????
????????? true;1??????????
true;1 =
Robs   dair
dout
2
(4.1)
???Robs??????????dair???????????dout???????
?????????????????????????????????????
??? true;1?????????????? true;2??????????????
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TRr
R1r
R2r
CR
? 4.1: ????
29.8cm29.5cm
? 4.2: ??????? ?????????
?????????????????????? 10.95????????????
????????? 9.70????????? 10???????? 2.2cm????
?????????????? = 0:95, S0 = 1???? = =12:5, X = 0:5
???????Envelope?????????????????????????
?????????? 2160???????????????????? 180??
?????????????? 180?????
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? 4.3: ??????????
4.2 ?????????RPM????
??????????????RPM?????????????1??????
????????????? rTR(XTR; ZTR)?????? rR1(XR1; ZR1)????
????????????? qa(rTR; rR1; Ra)?Ra?????????????
???????????????? rTR;i(XTR;i; ZTR;i)?rR1;i(XR1;i; ZR1;i) ???
??????????????????? (q; qi)?????????q 6= qi??
?????RPM?????????? f(; q; qi)??????????????
?????
F (; q) =
 NqX
i=1
s(rTR;i; rR1;i; Ra;i)f(; q; qi)e
  D2
22
D
 (4.2)
???D = min(jrTR   rTR;ij+ jrR1   rR1;ij; jrTR   rR1;ij+ jrTR;i   rTRj)????
????? opt????????????????????????? 4.3???
????????????????????????????
x = a1 cos1 cos opt   b1 sin1 sin opt + xmean
z = a1 sin1 cos opt   b1 cos1 sin opt + zmean
9=; (4.3)
???a1???????b1???????x?????????????????
??????? rmean = (xmean; zmean)????
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? 4.4: ?????????Wiener??????
4.3 ????
????????????????????????????????????
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4.3.1 ???????
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????????????? 30cm?????????????????????
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? 4.5: ????????????Wiener??????
????????Wiener?????????????????????????
???RPM???Envelope????????????????????????
?????????????????????? 4.4?????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
?????????????????????????????????????
????????????????????? 4.5??????????????
????? ? 4.4?????????????????R = 0:9m???????
?????????????????????????????????????
??????????????????????????????????? [25]
????????????????????????????? 4.4??????
?????????????????????????????????????
???????????????????? 4.6???????????????
?????????????????????????????????????
????????????????????????????? 10.95?????
?? 8.96?????????????????????? 9.0?? 13.0?????
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????????????????????? 4.9??????????????
?????????????????????? 10.68??????? 9.02????
?????????????????? 9.0?? 13.0??????? 7.5?? 11.5
????????? 0.2??????????????????????????
? 2:5%???????? 7%????????????????????????
?????????????????????????????????????
????????????????????????????????? 4.8??
?????????????????????????????????????
??????????????? 6:5mm?? 7:7mm????????? 1cm??
??????????????????Wiener????????????????
?????????????????????????????????????
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?????????????????????????????????????
??????????????????
4.3.2 ???????
?????????????????????????????? 4.2????
?????????????????? 29.cm?????????????? 5cm
???????????? 29.8cm??????????????????????
?????? 10.95????? 4.11??????????????????Wiener
?????????????????????????????????????
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